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a b s t r a c t
In this study, we describe a novel mycovirus isolated from Ustilaginoidea virens, which was designated
Ustilaginoidea virens nonsegmented virus 1 (UvNV-1). The sequence analysis revealed that UvNV-1 has
two open reading frames (ORFs). ORF1 encodes an unknown protein, which is similar to the hypothetical
protein BN7_5177 of Wickerhamomyces ciferrii. ORF2 encodes a putative RNA-dependent RNA polymer-
ase (RdRp), which is most closely related to Bryopsis mitochondria-associated dsRNA (BDRM) and is
likely expressed by a þ1 ribosomal frameshift within the sequence CCC_UUU_CGA. The phylogenetic
analysis of the RdRp of UvNV-1 showed that UvNV-1 represents a new virus taxon of mycoviruses with a
partitivirus-like lineage that is classiﬁed into the family of picorna-like viruses. Based on northern
hybridization, UvNV-1 was found to be common to U. virens from different geographic locations in China.
The biological comparison of virus-free and infected fungal strains revealed that UvNV-1 is likely to be
cryptic to its host.
& 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
Introduction
Mycoviruses are found in all major fungal groups, and most of
the known dsRNA mycoviruses cause little or no obvious symp-
toms in their fungal hosts (Ghabrial and Suzuki, 2009; Pearson
et al., 2009). Mycoviruses have genomes composed of single-
stranded (ss) or double-stranded (ds) RNA or, rarely, DNA (Yu
et al., 2010). Currently, mycoviruses are classiﬁed into 12 families
by the International Committee on Taxonomy of Viruses (ICTV;
www.ictvonline.org). Based on their encapsidation within rigid
particles, double-stranded RNA (dsRNA) viruses are classiﬁed into
seven families, i.e., Totiviridae, Partitiviridae, Chysoviridae, Endor-
naviridae, Megabirnaviridae, Quadriviridae and Reoviridae. Another
ﬁve families have single-stranded (ss) RNA genomes, and many of
these do not form virus particles.
Programmed ribosomal frameshifting is used in the expression
of many virus genes and some cellular genes. In many positive-
strand RNA viruses, the most widely known frameshifting
mechanism is 1 ribosomal frameshifting. The signal of 1
frameshifting is composed of a heptanucleotide slippery sequence
(XXX_YYY_Z motif, where XXX can be any three identical
nucleotides, YYY can be either AAA or UUU, and Z can be A, U or
C) and a stimulatory RNA structure, namely a stem–loop or RNA
pseudoknot (Brierley et al., 1992; Li et al., 2001; Tamm et al., 2009).
In contrast, the þ1 (or 2) frameshifting mechanism is more
varied and poorly understood. In bacteria, þ1 frameshift events
are involved in the expression of release factor 2 (Bekaert et al.,
2006). In animals and fungi, this frameshifting is widely used to
regulate the expression of antizyme (Bekaert et al., 2006; Ivanov
and Atkins, 2007). However, the þ1 frameshifting mechanism is
rarely found in the expression of virus genes and remains poorly
studied. In part, this infrequency is because the frameshift efﬁ-
ciencies often appear to be extremely low. Many members of the
Totiviridae family utilize 1 frameshifting to express Gag and Pol
proteins; however, a few members appear to utilize þ1 (or 2)
frameshifting (Firth and Brierley, 2012). For example, in Trichomo-
nas vaginalis virus 1 (TVV1), the expression of RdRp and CP is
inferred via a þ1 frameshift or perhaps a 2 frameshift with the
sequence CCCUUUU (Goodman et al., 2011). In addition, some
members of the Closteroviridae and Amalgamaviridae families also
appear to require þ1 slippage to express RdRp, although the
frameshifting mechanism remains unclear (Agranovsky et al.,
1994; Martin et al., 2011). Recently, a novel gene, PA-X, was
discovered in inﬂuenza A virus (IAV) and was found to be
expressed via a programmed þ1 ribosomal frameshift within
the sequence UCC_UUU_CGU (Firth et al., 2012; Shi et al., 2012;
Yewdell and Ince, 2012). PA-X-like sites are predicted in other
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virus genomes, such as those of the Mal de Rio Cuarto virus
(MRCV), Vicia cryptic virus M (VCVM) and blueberry latent virus
(BBLV) (Firth et al., 2012). Taken together, the previous ﬁndings
show that the þ1 frameshifting mechanism is utilized to express
the viral polymerase and might be much more common than
previously thought.
Horizontal gene transfer (HGT), which is also known as lateral
gene transfer, refers to the movement of genetic information
across distinct evolutionary lineages. At present, the occurrence
of HGT is recognized as frequent events from cells to viruses
(Bratke and McLysaght, 2008; Filée et al., 2008; Forterre, 2006;
Koonin et al., 2006), from viruses to viruses (Koonin and Dolja,
2006; Liu et al., 2012a; Moreira and López-García, 2009), and from
viruses to cells (Geuking et al., 2009; Horie et al., 2010; Koonin,
2010; Liu et al., 2010; Tanne and Sela, 2005; Taylor and Bruenn,
2009). However, transfer from viruses to cells was primarily found
in DNA viruses and retroviruses (Bejarano et al., 1996; Kunii et al.,
2004; Monier et al., 2009), and transfer has only rarely been
shown to occur in non-retroviruses (Chare et al., 2003; Geuking
et al., 2009; Hon et al., 2008).
Rice false smut caused by the fungal pathogen Ustilaginoidea
virens (teleomorph: Villosiclava virens) is becoming a destructive
disease throughout the major rice-growing countries (Sun et al.,
2013; Tanaka et al., 2008). The virus infection of Ustilaginoidea
virens was initially described in the 2010s (Zhang et al., 2013a),
and thus far, there are only a few sporadic reports concerning
mycovirus from U. virens (Jiang et al., 2014; Zhang et al., 2013a,
2013b). In these reports, these viruses belong to the family
Totiviridae or Partitiviridae.
In this paper, we report a novel monopartite mycovirus, Ustilagi-
noidea virens nonsegmented virus 1 (UvNV-1) from the U. virens strain
GX-10. We performed molecular cloning and complete genomic
sequencing of the UvNV-1 genome and then performed genomic
organization and phylogenetic analyses to elucidate the phylogenetic
relationship, frameshift translation and evolution of relevant dsRNA
viruses. Moreover, we conducted an analysis regarding the occurrence
of UvNV-1 among U. virens strains and proved that the UvNV-1 is not
in the mitochondria of U. virens. We also tested effect of UvNV-1 on its
host phenotype.
Results
Genomic composition
dsRNA was extracted from the fungal mycelia of the U. virens
strain GX-10, which was tentatively designated Uv-dsRNA; a clear
band of approximately 3–4 kbp could be observed after agarose
gel electrophoresis (Fig. 1).
The complete genome of Uv-dsRNA (accession number is
KJ605397) was 3768 base pairs (bp) in length with a GC content
of 59%. Using the universal genetic code, the nucleotide sequence
analysis revealed that Uv-dsRNA consists of two open reading
frames (ORFs) in different frames on the genomic plus strand
(Fig. 3A). ORF1 has a length of 513 bp and encodes a 171-amino-
acid protein (19.4 kDa). ORF2 is 2028 bp in length and encodes a
676-amino-acid protein (75.7 kDa). The two ORFs of Uv-dsRNA
were separated by 178 nucleotides. The genomic organization of
Uv-dsRNA is similar to that of the Totiviridae and Amalgamaviridae
families (Fig. 2). The 50 and 30 untranslated regions (UTRs) of
Uv-dsRNA were determined to be 741 and 296 nts, respectively.
The 50 and 30 UTRs within Uv-dsRNA were examined for potential
secondary structures using the RNAstructure software (version
5.3) (Reuter and Mathews, 2010). The results indicated that
these UTRs could be folded into a potential stem–loop structure
(Supplementary Fig. S1).
Based on the BLASTp analysis, ORF2 exhibited its closest
match with a putative RNA-dependent RNA polymerase (RdRp) of
Bryopsis mitochondria-associated dsRNA (BDRM, 8e14 E-Value;
25% similarity) (Koga et al., 1998). ORF2 is also distantly related to
the RdRps of viruses of the Partitiviridae, Astroviridae, Comoviridae,
Picornaviridae and Caliciviridae families (Table 1). However, the
sequence similarity scores with these virus families were low, and
only short sequence stretches in the most conserved regions of the
polymerase segment (approximately 300–500 aa positions in
Uv-dsRNA) were recognized (Table 1). Furthermore, a search of
the Conserved Domain Database (CDD) and multiple protein
alignment conﬁrmed that ORF2 encodes a protein containing a
conserved viral RdRp domain (cd01699, RNA_dep_RNAP) with four
Fig. 1. Agarose gel electrophoresis of dsRNA extracted from mycelia of U. virens
strain GX-10. The dsRNA preparations were treated with RNase-free DNase I and S1
nuclease and fractionated on 1.0% agarose gels. Lane M, 1-K DNA Marker (TransGen
Biotech, Beijing) was used as the size marker; the sizes in kb are indicated on the
left. Lane I, dsRNA elements from U. virens are displayed.
Fig. 2. Genomic organization of UvNV-1 and representative members of the
Amalgamaviridae, Totiviridae and Partitiviridae families. Proteins with the same
function are indicated by the same color.
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conserved motifs that are characteristic of the RdRps of dsRNA
mycoviruses (Table 2). Interestingly, a sequence search with the
BLASTp tool suggested that ORF1 shares sequence similarity
(E value ofr2e-06) with only the hypothetical protein BN7_5177
(GenBank: CCH45594.1) of Wickerhamomyces ciferrii. In addition,
puriﬁcation attempts using strain GX-10 failed to yield a virion.
Thus, these results suggest that Uv-dsRNA most likely represents a
novel dsRNA mycovirus that infects the U. virens strain GX-10.
Therefore, this virus was named Ustilaginoidea virens nonsegmen-
ted virus 1 (UvNV-1).
Structures suggestive of a frameshift during translation
Intriguingly, ORF2 is likely expressed via a þ1 frameshift mecha-
nism as a fusion protein with ORF1-encoded protein. Fusion of ORF1
and ORF2 produces a gag-pol-like protein with a molecular mass of
102.1 kDa. A nine-nucleotide sequence (CCCUUUCGA1246-1255) in a
stretch in-frame with the ORF1 stop codon region (nt 1261–1438)
and upstream of the ORF2 start codon was identiﬁed as a putative
shifty nonamer motif that could facilitate a þ1 ribosomal frameshift
(Fig. 3). A similar 9-nucleotide sequence and its expression strategy
were found in the PA-X gene expression of inﬂuenza A virus
(IAV) (Firth et al., 2012; Shi et al., 2012; Yewdell and Ince, 2012).
Furthermore, when the ribosome shifts from ORF1 to ORF2 by the
þ1 frameshifting mechanism occurring within the sequence
CCCUUUCGA1246-1255, ORF1 and ORF2 are expressed by a fusion
protein. In this case, the global conservation within ORF2 was
100%, and that within ORF1 was 99%. In addition, a stem-loop
structure was found immediately downstream of the shifty nonamer
(nt 1246–1255) (Fig. 4). Additionally, at the same site, there is a
speciﬁc heptanucleotide CCCUUUCGA (underlined, nt 1246–1253)
that seems to resemble a slippery heptamer motif (XXXYYYZ motif),
which could facilitate 1 ribosomal frameshifting. However, in
UvNV-1, the sequence “CCCUUUC” is encoded by CCC_UUU_C in
the zero frame. This sequence is different from a slippery heptamer
motif (XXXYYYZ motif), which is encoded from the zero frame
(X_XXY_YYZ) and re-paired in the 1 frame (XXX_YYY_Z)
(Baranov et al., 2004). Therefore, ORF2 cannot be expressed by a
1 frameshifting mechanism occurring within the sequence
CCCUUUC1246–1253.
Phylogenetic analysis of UvNV-1 and its relationship to other
mycoviruses
To understand the evolution of UvNV-1, we performed phylo-
genetic analyses for RdRps of representative members of dsRNA
viruses belonging to the families Totiviridae, Chrysoviridae and
Partitiviridae, as well as of ssRNA viruses belonging to the families
Picornaviridae, Comoviridae, Caliciviridae and Astroviridae. Based on
phyML-maximum-likelihood (ML) clustering, UvNV-1 and BDRM
formed a clear cluster in the unclassiﬁed family, and this cluster
was clearly grouped outside the four taxonomical subgroups of the
Partitiviridae family. Additionally, this cluster was also distinct
from the ssRNA viruses of the Picornaviridae, Comoviridae, Calici-
viridae and Astroviridae families (Fig. 5).
Unlike BDRM, UvNV-1 is not found in the mitochondria of U. virens
It is necessary to identify whether UvNV-1 exists in the
mitochondria because BDRM, which exhibits the highest similarity
to UvNV-1, is present in the mitochondria. A distinct dsRNA band
of 3.7 kbp was observed in cellular fractions A and B but not in
other fractions, including the mitochondrial fraction M (Fig. 6).
This result reveals that UvNV-1, unlike Bryopsis mitochondria-
associated dsRNA (BDRM), has no association with mitochondria.
However, this result reveals that UvNV-1 may be present in the
cytoplasm of U. virens hyphal cells.
Occurrences and sequence polymorphisms of UvNV-1 in U. virens
strains
Northern blot hybridizations were performed to examine the
natural occurrence and geographical distribution of UvNV-1 in
U. virens strains obtained from four different provinces in China.
We tested 16 strains of U. virens and found that all 16 strains
contained a 3.7-kbp dsRNA element that is similar to UvNV-1. This
dsRNA element was observed alone in some strains and coexisted
with other dsRNA elements in other strains (Fig. 7A). Each of the
3.7-kbp dsRNA elements from all 16 strains of U. virens can
hybridize with the UvNV-1 probe (Fig. 7B). These results indicate
that UvNV-1 is common among different U. virens strains and is
widely distributed, irrespective of the place of origin. Moreover,
these coexistences of different dsRNA elements suggested that
UvNV-1 and other viruses can have mixed virus infections.
We analyzed sequence polymorphisms of a partial UvNV-1
polymerase sequence of 557 bp from 12 U. virens strains. Pairwise
Table 1
Sequence similarity of UvNV-1 with the closest matching sequences, as determined by the NCBI BlastP tool.
Virus Family Accession and length E value and similarity
Bryopsis mitochondria-associated dsRNA (BDRM) Unassigned AAB58662 (824aa) 8e14 (25%)
Pepper cryptic virus 1 (PCV-1) Partitiviridae AEJ07890 (479aa) 6e06 (36%)
Pepper cryptic virus 2 (PCV-2) Partitiviridae AEJ07892 (478aa) 9e04 (27%)
Raphanus sativus cryptic virus 3 ( RSCV3) Partitiviridae YP_002364401 (481aa) 4e04 (28%)
Turkey astrovirus1 (TAst-1) Astroviridae CAB95006 (512aa) 1e04 (23%)
Cycas necrotic stunt virus (CNSV) Comoviriade NP_734017 (846aa) 1e04 (25%)
Swine pasivirus 1 (SPaV1) Picornaviridae YP_006546269 (455aa) 4e04 (30%)
Norwalk-like virus NLV/Fort Lauderdale/560/1998/US Caliciviridae AAL13030 (272aa) 2e04 (27%)
Norovirus Hu/GIV.1/LakeMacquarie/NSW268O/2010/AU Caliciviridae AFJ21375 (1687aa) 8e04 (27%)
Table 2
Several conserved motifs (IV-VII), as determined by Bruenn (1993), in UvNV-1 and
selected dsRNA viruses. The virus name abbreviations are the same as in Table 1
and Fig. 5.
Virus
strain
Conserved motifs
IV (351–359)a V (410–426) VI (450–
456)
VII (504–
507)
UvNV-1 DWSQFDARVG GVPSGHPFTSLVDSVANW CLGDDTIM FLGTR
BDRM DWRHFDALLH GMPSGHPFVTIINSIVNV SSGDDGQI FLKRA
PCV1 DWSQFDATVS GIPSGSYYTSLVGSIINY TLGDDSLV FLGRT
BDRC DFSKFDSTIP GNVSGSFLTSALNSFVSC ILGDDFIL FLGFN
PCV DWADFNEQHS GLYSGWRGTTWINTVLNF HGGDDIDL FFRNT
Sc L-A
(L1)
DYDDFNSQHS TLLSGWRLTTFMNTVLNW HNGDDVMI FLRVE
a Location of the conserved motif in the amino acid sequence of UvNV-1.
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comparisons showed that their similarities were 94.0–99.1% at the
nucleotide level. These results revealed that UvNV-1 has a high
degree of sequence conservation among U. virens strains obtained
from different geographic locations. These sequences have been
deposited in the National Center for Biotechnical Information
(NCBI) (GenBank ID: KJ605398-KJ605410).
Stability and effect of UvNV-1 in U. virens
To eliminate UvNV-1 from strain GX-10, several approaches were
performed, including single conidial isolation, protoplast isolation and
regeneration, thermotherapy (at a relatively high temperature of
33 1C) and chemotherapy (incorporation of ribavirin in the culture
Fig. 3. Schematic representation of the genomic organization of UvNV-1. (A) Presence of two ORFs in UvNV-1. The dotted line box indicates a possible extension of ORF2 by
frameshift. (B) Nucleotide sequence near the frameshift site CCC_UUU_CGA with two different translations in the 0 and þ1 reading frames.
Fig. 4. Putative stem-loop structure in UvNV-1. This stem-loop structure is immediately downstream of the putative frameshift site (underlined), and the predicted
secondary free energy is 69.2 kcal/mol. The RNA secondary structure was predicted by RNAstructure software version 5.3.
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medium). Regardless of the treatment applied, UvNV-1 was retained
in U. virens strain GX-10. Thus, UvNV-1 is highly stable in its host.
Because we failed to eliminate UvNV-1 from U. virens strain
GX-10, the horizontal transmission of UvNV-1 from strain GX-10 to
strain HN-52hyg (dsRNA-free) was investigated on potato sucrose agar
(PSA) plates by using the pairing-culture method. The results indicated
that UvNV-1 was successfully transmitted from strain GX-10 to strain
HN-52hyg (dsRNA-free) (Supplementary Fig. S2). In addition, UvNV-1
was detected in 10 single conidial isolates derived from the virus-
infected strain HN-52hyg (UvNV-1) (Supplementary Fig. S2). These
results suggest that the UvNV-1 is stable in the strain HN-52hyg
(dsRNA-free). The virus-infected strain HN-52hyg (UvNV-1) and strain
HN-52hyg (dsRNA-free) were subjected to growth rate tests and
conidial production. No signiﬁcant differences were detected in these
experiments (Supplementary Fig. S3).
Discussion
An increasing number of novel mycoviruses have recently been
reported (Lin et al., 2012; Liu et al., 2012b; Urayama et al., 2014; Vainio
et al., 2012). The characterization of these viruses has extended our
knowledge of the diversity of viruses and offered insight into the
origin and evolution of relevant viruses and into their interactions
with their hosts. We isolated and characterized a dsRNA mycovirus
with a monopartite genome, designated U. virens nonsegmented virus
1 (UvNV-1), which is closely related to the Bryopsis mitochondria-
associated dsRNA (BDRM). The genomic organization of UvNV-1 is
reminiscent of members of the Totiviridae and Amalgamaviridae
families (Fig. 2). However, phylogenetic analyses of RdRps from various
dsRNA and ssRNA viruses with that from UvNV-1 suggest that UvNV-1
belongs to a partitivirus-like lineage rather than to the Totiviridae and
Amalgamaviridae families. In addition, based on a genomic comparison
and phylogenetic analysis, Koonin et al. (2008) found that the RdRps of
Fig. 5. Phylogenetic analysis of UvNV-1. The presented tree was constructed by the maximum-likelihood (ML) method using the PhyML 3.0 program and the LG model of
amino acid substitution. The reliability of the internal branches was evaluated based on SH-aLRT support. The abbreviations and GenBank accession numbers are provided
below: Saccharomyces cerevisiae virus L-A [ScL-A (L1); NP_620495]; Penicillium chrysogenum virus (PcV; YP_392482); Bryopsis mitochondria-associated dsRNA (BDRM;
BAA25883); Pepper cryptic virus 1 (PCV1; AEJ07890); Raphanus sativus cryptic virus 3 (RSCV3; YP_002364401); Pepper cryptic virus 2 (PCV2; AEJ07892); Bryopsis
chloroplast-associated dsRNA (BDRC; AB070653); Ustilaginoidea virens partitivirus 1 (UvPV-1; KC503898); Aspergillus fumigatus partitivirus 1 ( AfuPV-1; CAY25801.2);
Rosellinia necatrix partitivirus 2 (RnPV2; YP_007419077.1); Beet cryptic virus 1 (BCV1; YP_002308574.1); Vicia cryptic virus (VCV; ABN71237.1); Ustilaginoidea virens
partitivirus 2 (UvPV-2; KF680478); Rosellinia necatrix partitivirus 4 (RnPV4; BAM36402.1); Heterobasidion RNA virus 8 (HetRV8; AFW17810.1); Rabbit hemorrhagic disease
virus (RHDV; NP-740332); Feline calicivirus (FCV; NP-783308); Norwalk virus (NV; NP_786950); Grapevine fanleaf virus (GFLV; BAA00761); Cycas necrotic stunt virus (CNSV;
NP_734017); Grapevine chrome mosaic virus (GCMV; CAA33405); Swine pasivirus 1 (SPaV1; NC_018226); Human rhinovirus A (HRV; NP_740401.1); Human hepatitis A virus
(HAV; GNNYHB); Turkey astrovirus1 (TAstV-1; CAB95006); Duck astrovirus C-NGB (DAstV-1; YP_002728002); Ovine astrovirus 1 (OAstV; CAB95003); Murine astrovirus
(MAstV; AGL34955); Human astrovirus 1 (HAstV; NP_751905).
Fig. 6. UvNV-1 is not present in the mitochondria of strain GX-10. UvNV-1 was not
observed in the puriﬁed mitochondria (lane M) but was observed in the cellular fraction
A (lane A; the pellet after centrifugation at 2000g for 20 min) and in the cellular fraction
B (lane B: the supernatant after centrifugation at 14,000g for 20min).
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viruses in the Partitiviridae family are related to the RdRps of viruses in
the picorna-like superfamily of eukaryotic positive-strand RNA viruses.
Therefore, our phylogenetic analysis results support the conclusion
that UvNV-1 could also be classiﬁed as a picorna-like virus.
The properties of UvNV-1 and its relationship with other
viruses raise interesting evolutionary questions. An intriguing
parallel between the ORF1 sequence of UvNV-1 and the hypothe-
tical protein BN7_5177 (GenBank: CCH45594.1) of Wickerhamo-
myces ciferrii suggests the possibility that horizontal gene transfer
(HGT) occurred between the segment of a pupative ancestor of
UvNV-1 and the nuclear genome of W. ciferrii over a long
evolutionary time. Furthermore, our results suggest that the
direction of horizontal gene transfer might occur from the virus
to the W. ciferrii nuclear genome because the ORF1 sequence of
UvNV-1 is only similar to W. ciferrii and does not have any
similarity to other species of yeast. In addition, the integration of
non-retroviral integrated RNA viruses (NIRVs) into the nuclear
genome requires the co-operation of reverse transcriptase and
illegitimate recombination events (Geuking et al., 2009). Retro-
transposable elements or double-strand-break repairs are involved
in the integration mechanism of NIRV genes into eukaryotic
genomes (Frank and Wolfe, 2009; Geuking et al., 2009; Liu et al.,
2010; Maori et al., 2007; Tanne and Sela, 2005). Thus far, three
yeast species have been reported to exhibit the presence of NIRVs
and yeast genomes containing retroelements (Lesage and
Todeschini, 2005; Taylor and Bruenn, 2009). Taken together,
horizontal gene transfer (HGT) might occur by transferring a
fragment of a pupative ancestor of UvNV-1 into the W. ciferrii
nuclear genome.
Koga et al. (1998) speculated that the cytoplasmic dsRNA, in
which the universal genetic codes are used, transfers into the
mitochondria and subsequently evolves specialized adaptation,
including the stop UGA codon, which is changed to a non-
termination codon by the dsRNAs in the mitochondrial translation
system. A similar view was also proposed by Polashock and
Hillman, 1994. Because UvNV-1 is closely related to viruses that
are found in the cytoplasm of their host, with the exception of the
BDRM, which is a mitochondria-associated double-stranded RNA,
it is likely that the cytoplasmic UvNV-1-like virus was transferred
into the mitochondria during an evolutionary period.
In contrast, because UvNV-1 and BDRM, which exhibit the
highest similarity, have completely different host taxa (one is a
fungus and the other is an alga), we speculate that this result is the
evidence that the UvNV-1-like virus, as a member of the family of
picorna-like viruses, might be of ancient origin and might have
radiated horizontally among plants, fungi and other eukaryotic
organisms, in accordance with the prediction of the Big Bang
model. This prediction suggests that the diversiﬁcation of picorna-
like viruses most likely evolved in a “Big Bang” that antedated the
radiation of the eukaryotic supergroups (Koonin et al., 2008).
The hypothesis of a þ1 frameshifting mechanism for the
translation of ORF1 and ORF2 of UvNV-1 is supported by the
presence of “PA-X-like” (CCCUUUCGA) sites. Moreover, a stem-
loop structure was found in the separated region of the two ORFs.
Pseudoknots or stem-loop structures play critical roles in the 1
ribosomal frameshifting mechanism in the viral genome (Baranov
et al., 2005; Li et al., 2001b). Moreover, pseudoknots can also
promote þ1 ribosomal frameshifting in the cellular ornithine
decarboxylase antizyme gene (Ivanov and Atkins, 2007). However,
the only viral example of pseudoknot-dependent þ1 frameshift-
ing also appears to be used in the expression of certain structural
proteins of the phage of the Scott A (PSA) bacteriophage that
infects Listeria monocytogenes (Zimmer et al., 2003). Thus far, there
is no report concerning the stem-loop structure that is necessary
for a þ1 ribosomal frameshift in viral genomes. Therefore, the
function of this stem-loop structure in UvNV-1 is worth further
investigation.
In conclusion, we characterized a novel cryptic mycovirus denoted
UvNV-1, which is most similar to Bryopsis mitochondria-associated
dsRNA, and both of these sequences form a distinct clade from
previously known viruses. The UvNV-1 commonly inhabits U. virens
in China. This virus might have a þ1 ribosomal frameshifting system
to express its virus genome. Phylogenetic relationships reveal that
horizontal gene transfer from viruses to cells and horizontal virus
transfer from the cytoplasm to the mitochondria both might have
occurred during the evolution of UvNV-1. The UvNV-1 genomic
organization is similar to that of Totiviridae and Amalgamaviridae.
However, the UvNV-1 is evolutionarily closely related to the extant
Partitiviridae. All of the evidence collectively suggests that UvNV-1
belongs to a new taxon that is yet to be established.
Materials and methods
Fungal strains and culture conditions
Two strains of U. virens were used in this study. Strain GX-10
was originally isolated from rice cultivated in Guangxi Province,
China. Strain HN-52 is a virus-free strain that was isolated from
Hubei Province, China. Strain HN-52 was labeled with a
hygromycin-resistance gene (hyg) using the Agrobacterium tume-
faciens-mediated transformation method, and the hygromycin-
resistant strains showed no signiﬁcant differences in biological
properties from their parent strains. These two strains were
cultured on PSA plates at 28 1C and stored at 4 1C.
Fig. 7. Northern blot hybridization of dsRNA elements. The 3.7-kbp dsRNAs present in several U. virens strains were detected by a probe that is complementary to the 50 end
of UvNV-1. The left panel shows the electrophoretic proﬁles of 16 strains, and the right panel shows the resulting hybridization with an UvNV-1 probe. The numbers at the
top indicate different strains as follows: A: GX-10; B: GX-28; C: GX-9; D: GX-2; E: GX-3: F, GZ-5: G, GZ-10: H, GZ-13: I, GZ-14: J: HN-7; K: HN-8; L: HP-1; M: HP-2; N: HuN-12;
O: HuN-16; and P: HuN-20. The strains shown in A–E, G–I, J–M and N–P were collected from Guangxi, Guizhou, Hubei and Hunan Provinces, respectively.
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DsRNA extraction and puriﬁcation
For dsRNA extraction, mycelia were grown on potato sucrose
broth (PSB) with shaking (150 rpm) for 7–10 d, and the mycelia
mass was then collected and ground in liquid nitrogen with a
mortar and pestle to ﬁne powder. dsRNA was isolated through
CF-11 cellulose (Sigma, St. Louis, MO, USA) chromatography, as
previously described (Morris and Dodds, 1979). To remove con-
taminating DNA and ssRNA, we treated the dsRNA sample with
RNase-free DNase I (TAKALA, Dalian, China; RNase-free DNase I)
and S1 nuclease (TAKALA, Dalian, China; S1 nuclease) at 37 1C for
30 min.
cDNA synthesis, molecular cloning and sequencing
A random-primer ampliﬁcation method (Froussard, 1993) with
minor modiﬁcations was used to obtain the full-length sequence
of UvNV-1. In brief, approximately 13 ml of dsRNA was mixed with
1 ml of random hexamers (50–CGATCGATCATGATGCAATGCNN-
NNNN- 30) and 2 ml of 100% DMSO to obtain a total volume of
16 ml. The mixture was heated at 98 1C for 2 min and chilled on ice
for 3 min. The M-MLV reverse transcriptase (TAKARA, Dalian,
China) was then added, and the mixture was incubated at 42 1C
for 1 h and at 70 1C for 15 min to inactivate the enzyme. The
ampliﬁed cDNA products were separated on a 1% agarose gel and
puriﬁed using an AxyPrep™ DNA Gel Extraction Kit (Axygen,
Union City, CA, USA). The puriﬁed cDNA products were cloned
into a T/A cloning vector of the pGEM-T-Easy Vector System
(Promega, Madison, WI, USA) according to the manufacturer's
instructions (Promega, Madison, WI, USA). The recombinant vector
was transformed into highly competent cells of E. coli strain DH5α.
The cDNA clones with cDNA inserts of the appropriate sizes were
selected and sent for sequencing. The ends of the molecule were
cloned using an improved method (Potgieter et al., 2009).
The sequence analysis, alignments and phylogenetic analysis
were performed using the DNAMAN, MAFFT and BLAST software
programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Based on the
aligned sequences, phylogenetic trees were constructed using
the phyML-maximum-likelihood (ML) method (Guindon et al.,
2010).
RT-PCR for sequence polymorphism analysis
The total RNAs from fungal strians GX-3, GX-9, GX-28, GZ-5,
GZ-10, GZ-13, GZ-14, HP-1, HP-4, HN-7, HuN-16 and HuN-20 were
prepared using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA)
and used for the RT reaction with a random hexamer primer
(TAKALA, Dalian, China). The RT products were then ampliﬁed
using PCR primers (pUvNV1-F: TTGTCACCAGCGGCCTTTGAAAC and
pUvNV1-R: CCTCCGGGAACCACTACGTCCTT). The PCR products
were cloned into a T/A cloning vector of the pGEM-T-Easy Vector
System (Promega, Madison, WI, USA) for sequencing. For each
strain, the products of two independent PCR reactions were used
for sequencing, and a third sequencing reaction was performed in
cases of discrepancy between the two sequences.
Attempts to eliminate UvNV-1 from strain GX-10
To eliminate UvNV-1 from strain GX-10, several approaches
were applied. These approaches include single conidial isolation,
protoplast isolation and regeneration, thermotherapy and che-
motherapy. For heat treatment, mycelial plugs of strain GX-10
were cultured on PSA at 33 1C for two or three weeks. For
chemotherapy, mycelial plugs of strain GX-10 were inoculated on
PSA containing 50 mM or 80 mM ribavirin (Parker, 2005) and
cultured for four weeks. For protoplast isolation and regeneration,
brieﬂy, mycelia were washed with 0.7 M NaCl and then suspended
in 1% lysing enzyme solution (L2265; Sigma Aldrich, St. Louis, MO,
USA) with 0.7 M NaCl. The suspension was gently shaken at 30 1C
for 60–90 min. The released protoplasts were suspended in STC
(1.0 M sorbitol, 100 mM Tris–HCl pH 8.0 and 100 mM CaCl2).
The protoplasts were regenerated in PSA regeneration medium
for 12–15 d in the dark. The hyphal tips of all cultures from the
different treatments were grown on PSA, and the generated
mycelia were used for dsRNA isolation.
Transmission of UvNV-1
The pairing-culture technique (Wu et al., 2010) was used to
transfer UvNV-1 from strain GX-10 (donor) to strain HN-52hyg
(recipient) on PSA. Following contact, mycelia agar plugs from the
colony margin of strain HN-52hyg were placed onto a fresh PSA
plate containing 200 mg/ml hygromycin, and the plate was incu-
bated at 28 1C for one week. After three rounds of subculture,
mycelial plugs were taken from the fourth round of subcultures on
the PSA plate containing 200 mg/ml hygromycin and transferred to
fresh PSA plates without hygromycin for dsRNA detection. In
addition, we conducted the dsRNAs detection of conidia from
the subcultures. The characteristics of the subcultures of strain
HN-52hyg containing UvNV-1 were tested for biological compar-
ison, as described above.
Growth rate tests on agar plates
A square agar plug (5 mm) from the advancing edge of the
colony was inoculated onto the center of a PSA plate and incubated
at 28 1C in the dark. Three replicate plates were prepared for each
fungal strain, and the radial growth rate (RGR) was determined for
each developing colony at 5-d intervals over a three-week period:
RGR (cm/d)¼[(D10D5)/5]/2, where D10 and D5 represent the
diameter of 10- and 5-d-old colonies in each dish, respectively.
Sporulation
Mycelial plugs were grown on 30 ml of PSB with shaking
(150 rpm) at 28 1C. After 8 d, the spore-containing liquid medium
was ﬁltered through four layers of sterile gauze and subsequently
centrifuged at 8000g for 10 min. The supernatant was discarded,
and the spores were resuspended in 1 ml of distilled water and
counted in a Neubauer cell counting chamber.
Northern blotting experiments
The northern hybridization analysis was performed as pre-
viously described (Jiang and Ghabrial, 2004). A 620-bp clone
complementary to the 50 UTR of the genome of UvNV-1 was used
as a probe. Hybridization and detection were performed using an
Amersham Gene Images AlkPhos Direct Labeling and Detection
System (GE Healthcare, USA).
Isolation of mitochondria
To conﬁrm whether UvNV-1 was present in the mitochondrial
fraction, mitochondria were extracted and puriﬁed frommycelia of
strain GX-10 of U. virens using the density-gradient centrifugation
method, which is described in detail by Wu et al. (2010).
Attempts to purify virions
Mycelia were harvested by vacuum ﬁltration, and 20 g of
mycelia was ground to a ﬁne powder in liquid nitrogen. The
powder was suspended in 80 ml of cold 0.1 M sodium phosphate
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buffer (pH 7.0) containing 0.2 M KCl and 0.5% mercaptoethanol
and transferred to 50-ml centrifuge tubes. The homogenate was
extracted with an equal volume of chloroform and centrifuged at
12,000 rpm for 20 min at 4 1C, and the upper aqueous phase was
transferred to a 40-ml ultracentrifuge tube. After ultracentrifuga-
tion at 25,000 rpm for 3 h at 4 1C, the resultant pellet was
resuspended and maintained in 1 ml of 0.1 M sodium phosphate
buffer (pH 7.0) at 4 1C. The samples were clariﬁed by centrifuga-
tion at 5,000 rpm and 4 1C for 2 min. The supernatant was added
to a 20–60% sucrose density gradient with 0.1 M sodium phos-
phate buffer and ultracentrifuged at 30,000 rpm and 4 1C for 3 h.
The resulting pellets were resuspended in 10 ml of the same buffer
to remove the sucrose, as described above. Finally, the pellets were
resuspended in 0.5 ml of 0.1 M sodium phosphate buffer (pH 7.0),
negatively stained with 2% uranyl acetate (pH 4.0) and viewed
with a Tecnai transmission electron microscope.
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